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Rabbit haemorrhagic disease virus (RHDV) emerged in 1984 in China and subsequently a single strain apparently dispersed worldwide killing
millions of rabbits. Two isolates that caused outbreaks in Saudi Arabia and Bahrain have been sequenced and analysed phylogenetically. The
Saudi Arabian lineage is directly descended from the Chinese strain, but the Bahrain isolate occupies a distinct and more divergent lineage than the
Chinese virus implying that epidemic RHDV strains have emerged at least twice during the past 20 years and are co-circulating in both domestic
and wild rabbits.
D 2005 Elsevier Inc. All rights reserved.Keywords: Rabbit haemorrhagic disease virus; Middle East; Phylogenetic analysis; Emerging virusesIntroduction
The first major epidemic of Rabbit haemorrhagic disease
was observed in China in 1984 (Liu et al., 1984). It swept
through the Chinese domestic rabbit population killing 14
million animals in nine months (Cooke, 2002). Following the
outbreak in domestic rabbits in China, Rabbit haemorrhagic
disease virus (RHDV) appeared to disperse into Europe, the
Middle East and Asia. By the late 1990s, it had been reported
in domestic rabbits in 40 countries (Heneidi Zeckua et al.,
1997), and since 1988, the virus has become established in
many wild rabbit populations (Cooke, 2002; Villafuerte et al.,
1994). Interestingly, several highly lethal outbreaks have
occurred in domestic rabbitries in countries where there are
no or few wild rabbits (Berninger and House, 1995; Gregg et0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.10.006
i Sequences have been submitted to GenBank with accession numbers
DQ189077, and DQ189078.
* Corresponding author. Fax: +44 1865 281696.
E-mail address: nlf@ceh.ac.uk (N.L. Forrester).al., 1991). Recently, two outbreaks occurred in the Middle
East, in Saudi Arabia (Abu Elzein and al Afaleq, 1999) and
separately in Bahrain (Dr. Abubakr-personal communication).
The outbreak in Saudi Arabia killed 100% of rabbits in a
rabbitry within 10 days. It occurred in November 1996, and
was followed for a further 3 months with sporadic outbreaks
in other rabbitries across the country with mortality rates
frequently reaching 100% (Abu Elzein and al Afaleq, 1999).
An apparently similar outbreak occurred in the Kingdom of
Bahrain in May 2001, at a private farm where wild rabbits are
known to inhabit the surrounding areas. However, since
Lepus species are present in the Arabian Peninsula rather than
Oryctolagus cuniculus, it is unlikely that they are the source
of the outbreak, as the evidence thus far suggests that O.
cuniculus is the only species to be infected by RHDV. The
outbreak lasted for 2 weeks and caused a high mortality rate.
In this case, there were no subsequent outbreaks in other
rabbitries probably because of the relative isolation of the
rabbitry in which the epidemic occurred. The relatively long
period of 4 years between these two outbreaks suggested to
us that they may not necessarily have been caused by the6) 277 – 282
www.e
Rapid Communication278same virus. It has been previously demonstrated that there are
many strains of RHDV circulating in different rabbit
populations, most of which show distinct epidemiological,
pathogenetic and genetic characteristics (Forrester et al., 2003;
Le Gall et al., 1998; Le Gall Recule et al., 2003; Moss et al.,
2002; Nowotny et al., 1997). The purpose of this study is to
use molecular phylogenetic methods to identify the evolu-
tionary origins of the Saudi Arabian and Bahrainian viruses.
This short communication extends our understanding of the
epidemiology, evolution and dispersal of RHDV and demon-
strates that different lineages of RHDV have probably
emerged as epidemic viruses on several if not many
occasions.
Results and discussion
Full-length genomic sequences of the viruses isolated in
Saudi Arabia and Bahrain were developed using RT-PCR
sequencing utilising the primers described in Table 1. The
resulting sequences were aligned with another 59 RHDV
sequences obtained from GenBank using ClustalX and the
alignment was finally adjusted manually. In order to obtain
the maximum phylogenetic information, three trees were
constructed using PAUP*, one corresponding to nucleotides
6165–6691, one based on the entire capsid protein and one
that utilised the entire genomic sequence. Only the tree based
on partial capsid sequence is presented (Fig. 1) as this
provides the largest number of viruses for comparison.
However, the trees based on complete capsid or complete
genomic sequence produced the same topology. Previous
analyses have included the strains Ashington (AF454050) and
RCV (X96868), which are significantly different from the
other strains (Forrester et al., 2003; Moss et al., 2002). In thisTable 1
List of primers used to amplify the full-length genome of RHDV
External primers Inter
0–1 KB RHDV0001F (0001–0024) RHD
RHDV1217R (1217–1238) RHD
1–2 KB RHDV0841F (0841–0860) RHD
RHDV2209R (2209–2232) RHD
2–3 KB RHDV1876F (1876–1898) RHD
RHDV3098R (3098–3119) RHD
3–4 KB RHDV2872F (2872–2891) RHD
RHDV4163R (4163–4190) RHD
4–5.5 KB RHDV3850F (3850–3874) RHD
RHDV5621R (5621–2641) RHD
5.5–7.1 KB RHDV2515F (5215–5238) RHD
RHDV7171R (7171–7191) RHD
6.8–7.4 KB RHDV6663F (6663–6685) RHD
RHDV7437R (7411–7437) RHD
External primers were used in first round PCR, internal primers were used in seco
primers to give approximately 500 bp of sequence for assembly and analysis. The
U54983).analysis, the tree was constructed with these viruses included,
they were then removed and the tree was re-constructed,
producing the same topology but more robust bootstrapping.
The results of the analysis are presented in Fig. 1. For clarity
of presentation, the viruses are divided into groups 1 to 3. As
can be seen, group 1 contains only European viruses, the
most divergent of which were isolated in Germany (Frankfurt)
and England (Rainham). The tree does not resolve these two
viruses illustrating that they are very closely related.
However, the third isolate in this group, i.e. from Italy is
significantly less divergent implying separation from the
German and English strains for a relatively long period of
time.
With the exception of the Bahrain isolate, group 2 contains
only European viruses. It is important to note that the Bahrain
isolate has evolved distinctly from the European isolates, as
shown by the branch lengths, implying that although they
have common ancestry, the divergence point is not a recent
event. Group 2 consists of two major sub-groups, those rooted
by the Bahrain isolate and those rooted by the Hagenow
isolate.
The group 3 viruses are the least divergent of those
analysed. The Chinese isolate that was responsible for the
first reported outbreak in 1984 is included in group 3, in other
words, it emerged more recently than any of the viruses in
groups 1 or 2 both groups of which contain viruses that
produce typical high fatality rate epidemics. The tree shows
that the Saudi Arabian isolate occupies a lineage that is
descended directly from the Chinese 1984 strain. The tree
also shows that whilst the Saudi Arabian isolate is related to
the Czech strain that was used in the bio-control studies in
Australia and New Zealand (Gould et al., 1997; Motha and
Clark, 1998), it separated before this Czech V351 virusnal primers/sequencing primers Extra sequencing primers
V0001F (0001–0024) RHDV0607R (0607–0629)
V1057R (1057–1079) RHDV0382F (0382–0404)
V0868F (0868–0888) RHDV1503R (1503–1523)
V2097R (2097–2122) RHDV1432F (1432–1457)
V1940F (1940–1967) RHDV2515R (2515–2537)
V3016R (3016–3041) RHDV2363F (2363–2382)
V2926F (2926–2945) RHDV3592R (3592–3611)
V4127R (4127–4150) RHDV3419F (3419–3437)
V3934F (3934–3954) RHDV4634R (4634–4656)
V5536R (5536–5555) RHDV4429F (4429–4448)
RHDV4981R (4981–5003)
RHDV4831F (4831–4855)
V5259F (5259–5278) RHDV5829R (5829–5848)
V7023R (7023–7043) RHDV5682F (5682–5698)
RHDV6234R (6234–6253)
RHDV6135F (6135–6154)
RHDV6700R (6700–6719)
RHDV6654F (6654–6670)
V6811F (6811–6833)
V7437R (4711–7437)
nd round PCR. The sequencing primers were used in addition to the internal
nucleotide positions correspond to the Czech V351 sequence (Accession no.
Fig. 1. Phylogenetic analysis using partial capsid sequence (see Material and methods) for 61 strains of RHDV. Maximum Likelihood phylogeny was calculated
using PAUP* version 4.0b10. The optimal model to use with the data (TVM + G) was determined using Modeltest 3.06, and the variable parameters were estimated
from the data. Bootstrap values (shown only on the major branches, for clarity) were estimated for this tree using the Neighbour-Joining algorithm under the
Maximum Likelihood model for 1000 replicates, only bootstrap values of >70% are shown.
Rapid Communication 279emerged. Many of the other viruses in group 3 were isolated
in Europe, although this group also contains isolates from
Mexico, Iowa and China (China tp and China 1985), all of
which were presumably introduced into these countries
through the importation of domestic rabbits or contaminated
rabbit foodstuff (Table 2).The tree also shows that some UK viral lineages (Park Farm
and Wellesbourne) are directly descended from the lineage
corresponding to the group 3 China 1984 isolate. Since the
Park Farm and Wellesbourne sequences were isolated from
serum stored in the 1950s and 1970s, this means that the China
1984 isolate was circulating, apparently harmlessly in domestic
Table 2
Showing the accession numbers of the sequences included in the tree that are
already published
Published sequence Accession number
Frankfurt Y15424
Rainham AJ006019
Italy X87607
Meiningen Y15426
Bath AF454024
Mellow Farm AF454019
Wellesbourne 59 AF454007
Logiealmond AF454029
Pennycombe Farm AF454012
Exminster AF454010
Bucks Horn Oak AF454008
Maples Takely AF454027
Woking AF454028
Wreizen Y15427
Sandscale Haws AF454030
Ramsey Island AF454036
Hagenow Y15441
Ascot AF454039
Wellsbourne 55 AF454040
Exminster 0300 AF454041
Thetford AF454044
Mexico AF295785
France 88 AJ535088
Wellesbourne 58 AF454049
Parkfarm 74 AF454047
Parkfarm 76 AF454048
Spain 89 Z49271
Eisenhuttenstadt Y15440
France 89 Z29514
Germany NC_001543
CzechV351 U54983
New Zealand AF231353
China 84 AF402614
Hartmannsdorf Y15425
Triptis Y15442
France 0599 AJ302016
China tp AF453761
Iowa AF258618
France 00 AJ303106
China AY523410
China 1985 AY269825
Rapid Communication280rabbits in the UK and possibly also in Europe many years
before it caused the outbreak in China. However, although
many different UK strains of RHDV have been identified, this
Chinese epidemic virus has never been identified as a virulent
infection in the UK.
The long branch lengths of the viruses in group 3 that are
rooted by the strain Hartmannsdorf could reflect recombination
between strains of RHDV since we have identified recombi-
nation in Hartmannsdorf and other strains of RHDV (unpub-
lished observation). Regardless of the cause of this long branch
length, the other isolates in this sub-group (Triptis, France,
China tp, China 1985, etc.) diverged independently of the
epidemic Chinese 1984 strain. As in the case of the group 1 and
group 2 viruses, this infers that epidemic strains of RHDV have
emerged more than once.
Finally, it is important to note that viruses identified with a *
represent previously published sequences of RNA obtained asarchived sera from healthy rabbits that lived before the first
recorded epidemic in 1984 (Moss et al., 2002). These RNA
sequences occupy lineages in groups 2 and 3 demonstrating
that both virulent and avirulent RHDV lineages circulated in
the UK before 1984 even though the disease was not
recognised.
Prior to 1984, myxomatosis was the only recognised viral
disease of rabbits. When RHDV unexpectedly appeared killing
millions of rabbits (Liu et al., 1984), it was assumed to have
emerged in China and all subsequent epidemics were under-
standably attributed to this virus radiating southwards and
westwards across Asia and Europe. However, it is now known
that prior to 1984, healthy rabbits in many regions of Europe
had RHDV-specific antibodies (Moss et al., 2002; Rodak et al.,
1990) and in some cases RHDV-specific RNA was also
detectable in the serum of these archival collections (Moss et
al., 2002). Moreover, although the virulent Czech strain of
RHDV was deliberately released as a bio-control agent in New
Zealand, only a few years later approximately 50% of sampled
healthy rabbits contained genomic-length RHDV-specific RNA
in their liver (Forrester et al., 2003; Zheng et al., 2002), but
infectious virus did not appear to be causing disease in the
region at the time of collection of these rabbits. Therefore, the
original assumption that RHDVemerged as a uniquely virulent
virus in China in 1984 and then radiated across Asia and
Europe is too simplistic.
The phylogenetic analysis presented in this paper shows that
the Bahrain isolate of RHDV is a direct descendant of the
group 2 European lineage which contains many isolates that
have been associated with epidemics in Europe and many of
these lineages pre-date 1984. On the other hand, the Saudi
Arabian isolate is descended from the more recently diverged
group 3 lineage that includes the Chinese isolate from 1984.
This means that epidemic RHDV must have emerged at least
twice in the past, i.e. at least once in Europe and at least once in
China. However, the European virus emerged before the
Chinese virus even if it did not cause disease at the time of
its emergence. Since there are no reports of disease
corresponding to that typified by rabbit haemorrhagic disease,
prior to the 1984 Chinese outbreak, it appears that different
lineages of RHDV started to produce epidemics in Europe and
Asia within a similar time period probably within the early
1980s.
How can we explain this? One possibility is that the
disease first appeared in China in 1984 because a European
virus was introduced, via healthy imported Angora rabbits
(Cooke, 2002), into the farmed rabbits in China, which were
immunologically totally naive to RHDV and therefore highly
susceptible to the introduced virus. This virus then radiated
westwards and southwards, causing major outbreaks in non-
immune domestic rabbit populations, typified by the epi-
demics in Spain (Villafuerte et al., 1994) and Saudi Arabia
(Abu Elzein and al Afaleq, 1999). On the other hand, this
virus caused only local spasmodic outbreaks in wild rabbit
populations where a significant proportion were immune
following exposure to group 2 European RHDV strains that
were circulating concurrently. Disease was first seen in
Rapid Communication 281domestic rabbits in the UK in 1992 (Fuller et al., 1993) but
the aetiological agent was derived from the group 2 lineage.
Thus, the virus that caused spasmodic disease outbreaks and
gradually dispersed throughout the UK in the early 1990s was
derived from European lineage viruses, not the Chinese 1984
epidemic lineage, even though this virus was present in the
UK (Moss et al., 2002).
In summary, taking into account the group 1 virus clade that
contains epidemic viruses and also Ashington virus which is
genetically distinct from the other RHDV lineages and was
isolated from a fatally infected rabbit (Moss et al., 2002),
RHDV has probably emerged several times as a virulent virus
that causes lethal rabbit haemorrhagic disease in rabbits. In
each case, the emergent virulent virus appears to have caused
epidemics in regions where immunity to RHDV was already
present in a significant proportion of the animals. This is not
unprecedented since there is evidence that immune animals can
be fatally infected by RHDV (Marchandeau et al., 2005). On
the other hand, the domestic rabbits that are sold commercially
are now tested for antibodies to RHDV and only ELISA-
negative animals are supplied to customers. These are the
rabbit populations in which very high fatality rates are
observed as for example in Saudi Arabia and Bahrain. A high
proportion of wild rabbits in many parts of Europe will have
had previous exposure to the virus and this will explain why
epidemics remain relatively localised and do not eradicate
entire populations over large land masses. Using the same
arguments and bearing in mind that prior to 1984, most rabbits
in the UK and in Europe would have been exposed to RHDV
even if disease was not recorded, it is not surprising that major
epidemics involving high fatality rates were not observed in
many countries.
Thus, the concept that RHDV emerged once as a major
cause of fatal epidemics in rabbits is no longer valid. We now
need to identify the factors that led to the repeated emergence
of virulent RHDV from apparently harmless virus that
circulates amongst most rabbit populations.
Material and methods
Post-mortem examination of rabbits that died in Saudi
Arabia and Bahrain was carried out immediately following
their death. Livers, lungs and kidneys were aseptically
collected in sterile containers virological laboratory exami-
nation. Samples for virological examination were preserved
in virus storage medium and frozen at 70 -C. For
molecular analysis, RNA was extracted from 100 Ag of liver
tissue using the RNAgents kit (Promega) following the
recommended protocols. RT-PCR was carried out as de-
scribed in Forrester et al. (2003) utilising the primers
described in Table 1 designed from published RHDV data
(Gould et al., 1997).
The sequences were assembled using Pregap4 and Gap4
(Staden Package), subsequent analysis was carried out using
Translate (GCG, Wisconsin Package) and transeq (jEmboss).
Sequences not determined in this work were obtained from
the database and have been included in previous analyses(Forrester et al., 2003; Le Gall Recule et al., 2003; Moss et
al., 2002). The VP60 gene sequences were aligned using
Pileup (GCG, Wisconsin package) and ClustalX. Phylogenetic
analyses were undertaken using PAUP* version 4.0 b10
(Swofford, 2000) and MODELTEST version 3.06 (Posada
and Crandall, 1998) as described in Forrester et al. (2003).
The optimal model used was TVM + G.
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